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ABSTRACT 23 
 24 
Background: Explosive ordinance disposal (EOD) technicians are often required to 25 
wear specialised clothing combinations that not only protect against the risk of 26 
explosion but also potential chemical contamination. This heavy (>35kg) and 27 
encapsulating ensemble is likely to increase physiological strain by increasing 28 
metabolic heat production and impairing heat dissipation. This study investigated the 29 
physiological tolerance times of two different chemical protective undergarments, 30 
commonly worn with EOD personal protective clothing, in a range of simulated 31 
environmental extremes and work intensities 32 
 33 
Methods: Seven males performed eighteen trials wearing two ensembles. The trials 34 
involved walking on a treadmill at 2.5, 4 and 5.5 km.h-1 at each of the following 35 
environmental conditions, 21, 30 and 37°C wet bulb globe temperature (WBGT). The 36 
trials were ceased if the participants’ core temperature reached 39°C, if heart rate 37 
exceeded 90% of maximum, if walking time reached 60 minutes or due to volitional 38 
fatigue. 39 
 40 
Results: Physiological tolerance times ranged from 8 to 60 min and the duration 41 
(mean difference: 2.78 min, P>0.05) were similar in both ensembles. A significant 42 
effect for environment (21>30>37°C WBGT, P<0.05) and work intensity (2.5>4>5.5 43 
km.h-1, P< 0.05) was observed in tolerance time. The majority of trials across both 44 
ensembles (101/126; 80.1%) were terminated due to participants achieving a heart 45 
rate equivalent to greater than 90% of their maximum.  46 
 47 
Conclusions: Physiological tolerance times wearing these two chemical protective 48 
undergarments, worn underneath EOD personal protective clothing, were similar and 49 
predominantly limited by cardiovascular strain. 50 
 51 
KEYWORDS: Core temperature; Personal protective equipment; Military; Heat 52 
Strain; Thermoregulation; Uncompensable heat stress 53 
 54 
 55 
  56 
Introduction 57 
Numerous occupations and sporting arenas necessitate that individuals perform 58 
arduous physical activity, while wearing personal protective equipment, under high 59 
ambient temperature. Explosive ordnance disposal (EOD) is one occupation that 60 
requires personal protective equipment to safeguard the technician from over 61 
pressure, fragmentation, impact and heat (Thake et al., 2009; Stewart et al., 2013; 62 
Stewart et al., 2014). Standard practice for an EOD technician involves periods of 63 
searching for a target, before undertaking activity in close proximity to the explosive 64 
device. These scenarios can differ in terms of their geographical location and in the 65 
intensity with which they are undertaken. Consequently, the EOD technicians wear 66 
specially engineered personal protective equipment which is extremely heavy 67 
(>30kg) and encapsulating (Stewart et al., 2013; Stewart et al., 2014). Unfortunately, 68 
the accumulative effects of the metabolic and environmental heat may create a 69 
condition of uncompensable heat stress, and predispose an individual to exertional 70 
heat illness (Frim and Morris, 1992; Stewart et al., 2011; Stewart et al., 2013; Stewart 71 
et al., 2014). 72 
 73 
In an uncompensable heat stress scenario, the required evaporative capacity of the 74 
environment exceeds its maximum evaporative potential (Periard et al., 2012; Givoni 75 
and Goldman, 1972; Robinson et al., 1945). In this scenario a thermal steady state 76 
cannot be achieved in exercising humans as heat is continually stored within the 77 
body at a greater rate than is dissipated (Periard et al., 2012; Kraning and Gonzalez, 78 
1991). It is well established that air exchange between the micro-environment 79 
beneath encapsulating personal protective equipment and the external environment 80 
has a significant impact on evaporative cooling and convective heat transfer 81 
(Gonzalez, 1988; Havenith et al., 2011; McLellan et al., 2013a; McLellan et al., 82 
2013b). Although the role of military (Montain et al., 2004; Caldwell et al., 2011) and 83 
non-military (Armstrong et al., 2010; McCullough and Kenney, 2003) protective 84 
clothing in the development of heat strain has been examined extensively, few 85 
authors have considered the cardiovascular and thermoregulatory effects of wearing 86 
the heavy and cumbersome personal protective equipment required for EOD.  87 
 88 
We have recently provided a comprehensive evaluation of the physiological tolerance 89 
times while wearing EOD personal protective equipment in isolation (Stewart et al., 90 
2014). The findings indicated that participants experienced moderate-high levels of 91 
physiological strain, and that fatigue and work tolerance when wearing EOD personal 92 
protective equipment is based on cardiovascular rather than thermal strain 93 
regardless of the ambient environment (Stewart et al., 2014). Previous field 94 
investigations examining symptoms of heat strain in EOD technicians have also 95 
reported near maximal heart rates observed at the completion of the simulated work 96 
tasks (Stewart et al., 2011; Stewart et al., 2013). 97 
 98 
In some instances an EOD technician may also be required to don an additional layer 99 
of specialised clothing that repels the contact of chemical or biological agents. This is 100 
particularly pertinent if the target is located adjacent to a contaminated area or if the 101 
type or severity of threat is unknown. Although these items confer additional 102 
protection to the EOD technician, they further restrict body heat loss due to their high 103 
thermal resistance and low water vapour permeability (Caldwell et al., 2011). The 104 
additional air layers trapped within the protective ensemble further impairs heat loss 105 
(Cain and McLellan, 1998; Gonzalez, 1988) and exacerbates the uncompensable 106 
heat stress. In addition, respirators are commonly used in conjunction with chemical 107 
protective clothing to provide protection from air-borne hazards (McLellan et al., 108 
2013a). It is well established that there is increased resistance in inspiratory and 109 
expiratory breathing associated with the use of respirators (Butcher et al., 2006; Eves 110 
et al., 2005; Jetté et al., 1990). Consequently, the use of respirators in conjunction 111 
with protective clothing has been shown to decrease maximal oxygen uptake (Dreger 112 
et al., 2006) and exercise tolerance (White and Hodous, 1987).  113 
 114 
 115 
To our knowledge, no study has evaluated the physiological strain associated with 116 
chemical and EOD personal protective clothing. Therefore, the purpose of this study 117 
was to evaluate and compare the physiological tolerance times while wearing two 118 
different chemical protective undergarments, which are commonly worn with EOD 119 
personal protective clothing, in a range of simulated environmental extremes and 120 
work intensities. 121 
 122 
Methods 123 
 124 
Participants 125 
Seven participants, recruited from the university community, volunteered for the 126 
study. All the volunteers provided their written informed consent to procedures 127 
approved by the University Human Research Ethics Committee and the study 128 
conformed to the current Declaration of Helsinki guidelines. To eliminate the 129 
confounding influences of gender on physiological responses to heat stress, only 130 
non-smoking males, free from any known cardiovascular, metabolic, and respiratory 131 
diseases were considered. The physical characteristics of the participants are as 132 
follows (mean ± SD): age = 25.5 ± 2 years, height = 1.81 ± 0.05 m, body mass = 77.4 133 
± 8.5 kg, body surface area 2.0 ± 0.1 m2, sum of eight skinfolds 77.5 ± 23.7 mm, 134 
maximal oxygen uptake (V̇O2max) 58 ± 5 ml.kg.min-1, heart rate max 190 ± 8 135 
beats.min-1. Participants were instructed to refrain from alcohol, tobacco, caffeine and 136 
strenuous exercise, and to consume 45 ml of water per kg of body mass in the 24 137 
hours preceding each visit to the laboratory. 138 
 139 
Preliminary measurements 140 
Prior to undertaking the experimental trials of the study, height and nude body mass 141 
were recorded and body surface area was subsequently calculated (DuBois and 142 
DuBois, 1989). Skinfold thickness measures were obtained, using Harpenden (John 143 
Bull, West Sussex RH15 9LB, UK) callipers, on all participants at eight sites (biceps, 144 
triceps, subscapular, iliac crest, supraspinale, abdomen, front thigh and medial calf). 145 V̇O2max was determined by indirect calorimetry during a progressive incremental 146 
running protocol on a motorised treadmill (Hunt et al., 2012). Participants were also 147 
provided the opportunity to familiarise to both ensembles by walking around the 148 
laboratory and on the treadmill at the speeds to be utilised for the trials. 149 
 150 
Experimental procedures  151 
Participants were required to attend the laboratory on seven occasions, separated by 152 
a minimum of seven days. The first session involved the acquisition of V̇O2max, body 153 
composition and a familiarisation with the protective clothing and testing procedures. 154 
During this visit the participants donned the protective clothing and walked a) around 155 
the laboratory and b) at each of the three work intensities (2.5, 4 and 5.5 km.h-1) on 156 
the treadmill. The remaining six laboratory visits involved the participant walking on a 157 
treadmill, while wearing one of the ensembles, in an environmental chamber (4 x 3 x 158 
2.5 m; length, width, height respectively). A Wet Bulb Globe Temperature (WBGT) of 159 
21, 30 or 37°C was obtained by the following ambient temperatures and relative 160 
humidities: 24°C, 50%; 32°C, 60%; and 48°C, 20%; respectively. A simulated wind 161 
speed equivalent to ~4.5 km.h-1 and a radiant heat load (two 2400 Watts radiant 162 
heaters positioned ~1.3m above the participant) were incorporated throughout all of 163 
the trials. These environmental conditions were also monitored independently at the 164 
level of the participants’ waist (Quest Temp, Airmet, Australia). Subjects were 165 
consider to be non-acclimatised to all environments (i.e. WBGT37) but resided in a 166 
subtropical location within Australia and that data collection occurred over the spring 167 
and summer months. During each of these laboratory visits the participant completed 168 
three treadmill-walking trials of 2.5, 4 and 5.5 km.h-1 with a 1% gradient. This equated 169 
to an external work rate (Pandolf et al., 1977) of ~139, 212 and 314 W.m-2 for a 77kg 170 
individual with a body surface area of 2 m-2. The order of the testing, for both the 171 
speed and the environment, was balanced.  172 
 173 
Personal protective equipment 174 
During each trial participants wore either an Allen Vanguard (Explosive Protective 175 
Equipment, Newstead QLD 4006 Australia; 2.9kg) or a Saratoga™ Hammer Suit 176 
(Applied Response Solutions, Georgetown, TX, United States; 4.2kg) chemical 177 
protective undergarment and respirator (Promask with a pro2000 PF10 filter; Scott 178 
Safety, Lancashire, England). Due to the availability of the chemical undergarments 179 
all participants completed the Allen Vanguard ensemble before commencing the 180 
Saratoga. Both undergarments are air-permeable and charcoal impregnated, and 181 
comprised of a jacket, trousers, booties, gloves and hood. The same Med-Eng™ 182 
EOD9 suit (Allen Vanguard, Ogdensburg, New York, USA) consisting of a jacket, 183 
trousers, groin protection and a helmet (33.4kg) was donned during each trial over 184 
the chemical undergarments and respirator. As with the EOD ensemble the 185 
participants’ base ensemble of a t-shirt, shorts, socks and underwear remained the 186 
same in all trials. Athletic shoes with a soft rubber sole were also worn during testing. 187 
These base ensemble requirements are standardised in accordance with American 188 
Society for Testing and Materials (F2688) (2011). 189 
 190 
Measurements 191 
Pre-trial hydration status was confirmed using urine specific gravity (USG, PAL 10s, 192 
ATAGO, Tokyo, Japan) of <1.020. If participants’ did not meet the above guidelines 193 
they were given an additional 500 ml of room temperature water to be consumed 194 
prior to commencement of the trial. Following the consumption of the water the 195 
participant’s core temperature was carefully monitored to ensure the gastrointestinal 196 
temperature did not change. Nude body mass was measured to the nearest 50 g 197 
(Tanita BWB-600, Wedderburn, Australia) and a cannula was inserted in the 198 
antecubital fossa. Venous blood samples were collected for the determination of 199 
serum osmolality as previously described (Taylor et al., 2012; Stewart et al., 2014). 200 
 201 
Core and skin temperature were recorded at 30-s intervals throughout the trials. Core 202 
temperature was measured using an ingestible pill taken the evening prior to the 203 
experimental trials (CorTemp, HQ Inc, Palmetto, FL, USA) (Hunt and Stewart, 2008). 204 
Mean skin temperature (iButtons, eTemperature, OnSolution, Baulkham Hills, 205 
Australia) was calculated using an area-weighted mean of four sites (back of neck, 206 
inferior border of right scapula, dorsal right hand and proximal third of right tibia) 207 
(International Organisation for Standardisation, 2004). Mean body temperature was 208 
estimated using the formula developed by Stolwijk and Hardy (1966). Heart rate, 209 
recorded at 30-s intervals, was monitored throughout each trial using a heart rate 210 
monitor (Polar Team2, Kempele, Finland) and chest strap. The physiological strain 211 
index (PSI) was calculated according to the equation proposed by Moran and 212 
colleagues (1998).  213 
 214 
During each trial, standard termination criteria were applied in accordance with the 215 
ASTM (2011) guidelines: (1) core body temperature reaching 39.0°C; (2) 60 minutes 216 
of exercise; (3) heart rate >90% of maximum; or (4) self-withdrawal (e.g. fatigue or 217 
nausea). Following the attainment of one of the aforementioned termination criteria, 218 
the participant exited the environmental chamber into a thermoneutral air conditioned 219 
laboratory and the protective clothing was removed. Post-experimental nude body 220 
mass, following complete towel drying to remove surface sweat, and serum 221 
osmolality were recorded at the termination of each trial.  222 
 223 
Following each trial participants rested in an air-conditioned laboratory. During this 224 
recovery period they were provided with food and fluid to a volume equivalent to 225 
125% of the body mass loss in the preceding trial. This was undertaken to ensure 226 
recovery of body mass and hydration status prior to commencement of subsequent 227 
trials (Stewart et al., 2014). When core temperature (within 0.5°C) and heart rate 228 
(within 10 bpm) returned to baseline levels the participant provided a blood sample 229 
and had their nude body mass assessed. They participants then commenced 230 
donning the same fully dried protective clothing for the subsequent trial. 231 
 232 
Statistical analysis 233 
The primary outcome measure, tolerance time, was analysed using a three-way (suit 234 
* environment * work intensity) repeated measures analyses of variance (ANOVA). 235 
Serum osmolality, body mass loss and the final values recorded for core 236 
temperature, mean skin temperature, mean body temperature, heart rate and 237 
physiological strain at the termination of the trial were analysed using the same 238 
method. To determine if baseline physiological and hydration indices were similar, 239 
pre-trial heart rate, mean body temperature, serum osmolality and body mass were 240 
also analysed in a similar manner. Assumption of normal distribution of data was 241 
assessed using descriptive methods (skewness, outliers, and distribution plots) and 242 
inferential statistics (Shapiro–Wilk test). When the assumption of sphericity was 243 
violated, significance was adjusted using the Greenhouse-Geisser method. The 244 
effect of suit, environment and work intensity were tested. When the effect was 245 
significant, pair wise comparisons using a Bonferroni correction was used to 246 
investigate the differences. All statistical analyses were performed using SPSS 247 
(Statistical Package for the Social Sciences), version 19.0 (SPSS Inc, Chicago, IL) 248 
with the level of statistical significance set at P < 0.05. All values are expressed at 249 
means ± SD unless otherwise stated. 250 
 251 
Results 252 
Baseline data 253 
Subjects commenced each of the trials from a resting physiological baseline, with no 254 
significant differences between trials (Table 1; all P > 0.05). Where multiple trials 255 
were performed on the same day the mean duration of rest was 81 ± 5 (range: 49–256 
114) and 91 ± 7 (range: 57–172) mins in the Allen Vanguard and the Saratoga 257 
ensemble respectively. 258 
 259 
**insert Table 1 approximately here** 260 
Baseline physiological and hydration indices [mean ± SEM (standard error of the 261 
mean)]. 262 
Tolerance times 263 
The seven participants completed all eighteen trials (total trials: 126) with no adverse 264 
events. Although the difference in tolerance time between the two ensembles 265 
approached statistical significance (P = 0.051) the differences were not 266 
physiologically relevant (Table 2 and Fig. 1; mean difference ± sem: 2.78 ± 1.14 min). 267 
Tolerance times ranged from 8 to 60 min and the termination criteria in both 268 
ensembles across the different environmental conditions and work rates were similar 269 
(Table 2). The maximum duration of exposure (i.e. 60 min) was achieved on only 270 
seven occasions (5.5%), five of these were in the Saratoga ensemble. All of these 271 
trials were conducted in the coolest environment, WBGT21, during the lowest work 272 
intensity, 2.5 km.h-1 (Table 2). The majority of trials across both suits (101/126; 273 
80.1%) were terminated, and the participants withdrawn, after individuals achieved a 274 
heart rate equivalent to greater than 90% of their maximum. A total of twelve trials 275 
(9.5%) were terminated after participant’s core temperature exceeded 39°C and six 276 
trials were stopped due to volitional fatigue/nausea (4.7%). 277 
 278 
A significant effect for environment (P<0.001) and work intensity (P < 0.001) was 279 
observed in tolerance time (Table 2 and Fig. 1). Tolerance times were significantly 280 
greater (P < 0.05) in the WBGT21 compared to WBGT30 and WBGT37 281 
environments. Tolerance times were also longer in the WBGT30 compared to the 282 
WBGT37 conditions. A similar trend was evident for work intensity with the lower 283 
work intensities lasting for longer than the higher intensities (2.5 > 4 > 5.5 km.h-1; P < 284 
0.05).  285 
 286 
**insert Table 2 approximately here** 287 
Table 2. Tolerance time [mean ± SD (range)] and termination criteria for each 288 
participant in both ensembles across the different environmental conditions and work 289 
rates. 290 
 291 
**insert Figure 1 approximately here** 292 
Figure 1. Tolerance time (mean ± SD) in both ensembles across the different 293 
environmental conditions and work rates. 294 
 295 
 296 
Physiological data at the cessation of the trials 297 
At the cessation of the experimental trials no significant differences between the 298 
ensembles (Table 3) were observed in core temperature (P=0.298), heart rate 299 
(P=0.236), skin temperature (P=0.447), mean body temperature (P=0.273), PSI 300 
(P=0.995), or blood osmolality (P=0.738). A significant difference was observed in 301 
percent body mass loss (P=0.001); with participants losing more in the Saratoga 302 
trials (mean difference ± sem: 0.18 ± 0.03%). 303 
 304 
Significant main effects were observed between the three work intensities in core 305 
temperature, heart rate, skin temperature, mean body temperature, PSI and body 306 
mass loss (all P<0.01; Table 3). Post hoc analysis showed that core temperature, 307 
skin temperature, mean body temperature, body mass loss and PSI were lower 308 
(P<0.05) in the highest intensity compared to 2.5 and 4 km.h-1. Body mass loss was 309 
also lower (P<0.05) in the 5.5 km.h-1 compared to the 4 km.h-1 trials. No post hoc 310 
differences (P>0.05) were observed in heart rate. The environmental conditions only 311 
had an effect on skin temperature (P<0.001) and body mass loss (P=0.003). Skin 312 
temperature was significantly higher (P<0.05) in the WBGT30 and the WBGT37 trials 313 
compared to the WBGT21 trials. The body mass lost at the end of the WBGT37 trials 314 
was lower (P<0.05) than the WBGT21 and WBGT30 trials. 315 
 316 
**insert Table 3 approximately here** 317 
Table 3. Physiological and hydration indices (mean ± SD) at the cessation of the 318 
trials in both ensembles across the different environmental conditions and work rates. 319 
 320 
Discussion 321 
This is the first study to systematically compare the physiological tolerance times of 322 
two air-permeable, charcoal impregnated chemical protective undergarments while 323 
worn in combination with EOD personal protective clothing. The main findings of the 324 
present study demonstrates that although the difference in tolerance time between 325 
the two ensembles approached statistical significance, the differences were not 326 
physiologically relevant and there were no differences between the ensembles in 327 
terms of cardiovascular or thermoregulatory strain. Further, the physiological effects 328 
of wearing the two ensembles were similar as demonstrated by the analogous 329 
termination criteria at each condition and the similar body temperature, heart rate and 330 
body mass loss observed at termination. In addition, we were able to confirm that 331 
tolerance time is primarily determined by cardiovascular rather than thermoregulatory 332 
strain.  333 
 334 
Emergency first responders, such as firefighters, the police and military, are often 335 
required to wear personal protective clothing when attending to emergency calls 336 
(Taylor et al., 2012). The increased metabolic demand that occurs when wearing 337 
additional protective clothing is well established, and has been recognised for many 338 
years (Caldwell et al., 2011;  Dorman and Havenith, 2009; Nunneley, 1989; Taylor et 339 
al., 2012). Our findings suggest that physiological tolerance times were similar (mean 340 
difference 2.78min; Figure 1 and Table 2) when wearing two commonly employed 341 
chemical undergarments in addition to an EOD ensemble across a range of 342 
simulated environments and workloads. The current data also suggest that the 343 
physiological effects of wearing the different undergarments were similar as the 344 
termination criteria (Table 3), and the thermoregulatory and cardiovascular outcomes 345 
measures were comparable at termination (Table 2). Unsurprisingly, our data also 346 
suggest that EOD personnel should be cognisant that tolerance times are 347 
significantly reduced in warmer ambient environments and when work intensities are 348 
increased. A greater percentage of trials were terminated (80% c.f. 69%) due to 349 
excessive heart rates, when the chemical undergarments were added to the EOD 350 
suit, in comparison to the EOD ensemble in isolation (Stewart et al., 2014). 351 
Moreover, in comparison to wearing chemical garments alone (McLellan et al., 352 
3013a; McLellan et al., 3013b; Dorman and Havenith, 2009; Havenith et al., 2011) 353 
the current ensembles create a significantly higher metabolic burden and 354 
physiological tolerance is subsequently reduced. These findings have practical 355 
implications for implementing work-rest cycles; when performing tasks requiring a 356 
high metabolic demand and/or working in warm environments when wearing these 357 
EOD and chemical ensembles.   358 
 359 
When working under greater thermal and physical loads, physical exhaustion can 360 
occur at much lower core temperatures (Caldwell et al., 2011). The termination 361 
criteria in both ensembles were similar (Table 2) and support the hypothesis that 362 
cardiovascular, rather than thermal strain, limits work tolerance under certain heat-363 
stress conditions while wearing encapsulated protective clothing (McLellan et al., 364 
2013a; Stewart et al., 2014). Over 80% of the trials were terminated in the current 365 
study as a result of participants’ heart rate exceeding 90% of their maximum, in 366 
accordance with the ASTM (2011) guidelines. In fact, all of the trials were ceased 367 
based on the heart rate termination criteria in the highest work intensity (5.5 km.h-1) 368 
across the three environments. It is likely that the metabolic cost of the walking with 369 
this heavy and encapsulating ensemble, equivalent to approximately 50% of the 370 
participants’ body weight, and the bodies attempt to maintain thermal homeostasis by 371 
increasing heart rate, skin temperature and sweat rate contributed to this increase in 372 
cardiovascular strain (Beekley et al., 2007). This is particularly evident in the higher 373 
workloads (4 and 5.5 km.h-1) as only 4 of the 84 trials completed at these intensities 374 
were terminated based on excessive core temperatures. Further, as all of the trials in 375 
the highest work intensity, regardless of the ambient environment, were terminated 376 
after a very short duration (18.1 min on average) due to excessive cardiovascular 377 
strain; body temperature, heart rate and body mass loss was typically lower in 378 
comparison to the other work intensities.   379 
 380 
As previously described, EOD personnel are often required to wear additional 381 
clothing that repels the contact of chemical or biological agents from contact with the 382 
skin. Although we have previously evaluated the physiological tolerance times while 383 
wearing EOD personal protective clothing in isolation (Stewart et al., 2011; Stewart et 384 
al., 2014), there is no data examining the effects of adding a chemical protective 385 
undergarment and respirator to this ensemble. Despite finding no significant 386 
differences between these chemical undergarments, the tolerance times wearing 387 
these ensembles were reduced in comparison to the EOD alone (Stewart et al., 388 
2014). Using the same methodological design and participants with similar 389 
demographics (all male, ~25 years, V̇O2max ~57 ml.kg.min-1, mass ~78kg and height 390 
~180cm in both studies) tolerance times were on average 4.1 and 6.9 min less with 391 
the addition of the Saratoga and the Allen Vanguard undergarments to the EOD 392 
ensemble (Stewart et al., 2014). This is interesting considering the addition of the 393 
undergarments and respirator added only 9-12% to the total weight of the EOD 394 
ensemble and equated to differences of 12-20% in tolerance time. Moreover, 395 
physiological strain appears greater, on average, in these ensembles compared to 396 
the EOD alone (Stewart et al., 2014).  397 
 398 
When multiple layers of protective clothing are worn successive trapped air layers 399 
are formed (McLellan et al., 2013a). Each of these layers of trapped air creates its 400 
own microenvironment through which heat transfer must occur before being 401 
dissipated to the external ambient environment (McLellan et al., 2013a; Sullivan and 402 
Mekjavic, 1992). As these pockets do not naturally exchange air with the 403 
environment, thermoregulation is further impaired (McLellan et al., 2013a). Therefore, 404 
it is likely that the extra microenvironment and the addition of the respirator, not the 405 
extra mass of the extra layer of chemical protective clothing, contributed to the 406 
reduced tolerance times compared with the EOD ensemble in isolation. However, 407 
alterations in moisture vapour permeability and changes in weight distribution 408 
following the addition of the chemical garments may also be partially responsible for 409 
the decreased tolerance times. 410 
 411 
One limitation of the present study that should be acknowledged is the order of 412 
testing. Although the environments and work intensities were randomised for all 413 
trials, due to methodological constraints and the availability of garments, all subjects 414 
completed the Allen Vanguard trials prior to the Saratoga trials. Furthermore, the 415 
current findings are limited to a small sample of young males with a relatively high 416 
aerobic fitness. For practicality reasons core temperature was assessed in the 417 
current study using the gastrointestinal pill. It is well established that this method 418 
demonstrates a delay relative to oesophageal temperature, but not rectal 419 
temperature which it generally exceeds, when body temperatures change rapidly 420 
(Teunissenetal et al., 2012; Taylor et al., 2014). Consequently, core temperature, 421 
mean body temperature and PSI may all be higher than those reported in the current 422 
study if a different technique (e.g. oesophageal temperature) was employed to 423 
assess core temperature. Finally, repeated bouts of activity on the same day is 424 
typical of what occurs in the field; however the recovery times employed in the 425 
current study are significantly greater than that which is feasible in an emergency 426 
situation. Future research is therefore warranted to examine the effects of repeated 427 
bouts of activity on the development of uncompensable heat stress and strategies to 428 
mitigate heat stress in these ensembles. 429 
 430 
In summary, this study indicates that physiological tolerance times are similar in two 431 
chemical protective undergarments commonly worn underneath EOD personal 432 
protective clothing across a range of simulated environments and work intensities. 433 
This study also found that physiological tolerance times are significantly reduced in 434 
higher ambient environments and work intensities. Moreover, work tolerance is 435 
limited by cardiovascular strain, as demonstrated by near maximal heart rate, rather 436 
than thermal strain.   437 
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Speed 
(km.h-1) 
Ensemble 
HR 
(bpm) 
Tmb 
(°C) 
Serum Osmolality 
(mOsmol/kg) 
Body Mass  
(kg) 
2.5 
Allen Vanguard 95±2.3 36.5±0.1 291±1 77.5±2.9 
Saratoga 88±2.7 36.6±0.1 291±2 77.7±2.8 
4 
Allen Vanguard 100±3.5 36.5±0.1 293±1 77.6±2.8 
Saratoga 94±2.9 36.6±0.0 294±1 77.9±2.9 
5.5 
Allen Vanguard 101±4.2 36.5±0.1 294±1 77.6±2.9 
Saratoga 92±2.9 36.5±0.1 293±1 77.7±2.9 
 HR, heart rate; bpm, beats per minute; Tmb, mean body temperature.  571 
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 574 
 575 
WBGT 
(°C) 
Speed 
(km.h-1) 
Tolerance Time 
(min) 
HR 
(> 90% max) 
Tc 
(> 39°C) Self-withdrawal 
Duration 
(= 60mins) 
  AV ST AV ST AV ST AV ST AV ST 
24 
 
AV, Allen Vanguard; ST, Saratoga; WBGT, wet bulb globe temperature; HR, heart rate; Tc, core temperature. 576 
577 
21 
2.5 52.8±6.9 (40.5-60.0) 
59.8±0.6  
(58.8-60.0) 4 1  1 1  2 5 
4 34.0±7.5  (26.0-43.5) 
37.2±4.8  
(32.0-44.5) 7 7       
5.5 20.4±4.1 (14.0-24.5) 
24.2±5.5 
(17.0-31.5) 7 7       
30 
2.5 46.5±4.6 (41.0-53.0) 
48.4±4.2 
(42.5-53.0) 3 3 2 3 2 1   
4 31.5±6.0 (25.0-40.5) 
30.4±4.4  
(25.0-39.0) 6 6 1 1     
5.5 14.7±5.1 (9.0-21.5) 
18.2±5  
(14.0-26.5) 7 7       
37 
2.5 38.1±3.8 (33.5-42.5) 
39.4±6.3 
(31.0-46.5) 5 5 1 1 1 1   
4 23.6±4.2 (16.0-29.0) 
28.6±7.8  
(18.5-43.5) 6 6 1 1     
5.5 15.3±5 (10.0-21.5) 
15.7±4.5  
(8.0-21.5) 7 7       
25 
 
  578 
26 
 
 579 
AV, Allen Vanguard; ST, Saratoga; WBGT, wet bulb globe temperature; bpm, beats per minute. 580 
 581 
 582 
 583 
 Core 
Temperature (°C) 
Heart Rate  
(bpm) 
Skin 
Temperature (°C) 
Whole Body 
Temperature (°C) 
Physiological 
Strain Index 
Serum Osmolality 
(mOsmol/kg) 
Body Mass 
Loss (%) 
WGBT21 AV ST AV ST AV ST AV ST AV ST AV ST AV ST 
2.5 km.hr-1 38.3±0.5 38.4±0.7 157.5±15.4 156.4±14.6 37.3±0.4 37.3±0.5 38.0±0.5 38.4±0.4 6.0±1.6 6.8±1.2 297±4 295±3 1.3±0.1 1.7±0.5 
4 km.hr-1 38.3±0.4 38.5±0.4 171.0±6.7 171.9±7.9 37.4±0.2 37.4±0.4 38.1±0.3 38.4±0.3 7.1±0.7 7.4±0.7 295±3 297±4 1.1±0.5 1.4±0.2 
5.5 km.hr-1 38.0±0.3 38.2±0.4 169.7±6.4 174.0±8.2 37.3±0.3 37.3±0.4 37.8±0.3 38.1±0.3 6.3±0.8 6.5±0.9 296±3 297±7 1.0±1.1 0.9±0.3 
WBGT30               
2.5 km.hr-1 38.5±0.4 38.6±0.5 160.2±18.3 160.9±17.8 38.3±0.4 38.0±0.4 38.6±0.4 38.6±0.4 7.3±1.2 7.3±0.9 295±4 298±5 1.4±0.3 1.7±0.6 
4 km.hr-1 38.3±0.4 38.3±0.3 170.6±8.3 172.9±7.8 38.3±0.4 37.8±0.5 38.3±0.4 38.2±0.4 7.1±1.2 6.7±0.8 295±6 297±3 1.3±0.6 1.3±0.4 
5.5 km.hr-1 37.8±0.3 38.0±0.5 172.3±7.9 172.6±7.6 37.7±0.6 37.5±0.3 37.8±0.2 37.8±0.4 6.0±0.8 6.1±0.8 295±4 297±4 0.7±0.4 0.8±0.2 
WGBT37               
2.5 km.hr-1 38.3±0.5 38.6±0.4 166.0±14.1 165.0±16.9 38.5±0.3 38.5±0.3 38.4±0.4 38.5±0.3 7.1±1.1 6.7±0.4 297±3 297±6 1.2±0.2 1.6±1.0 
4 km.hr-1 38.0±0.5 38.5±0.5 171.4±9.5 172.9±7.6 38.2±0.3 38.5±0.4 38.2±0.4 38.5±0.5 6.8±1.1 7.1±1.3 297±6 297±6 0.9±0.4 1.2±0.5 
5.5 km.hr-1 37.7±0.5 37.9±0.3 172.6±7.4 172.7±8.3 37.9±0.7 37.9±0.8 37.9±0.4 37.8±0.3 6.2±1.0 5.4±0.6 298±3 295±5 0.6±0.2 0.5±0.2 
 
Summary of Within / Between Effects 
           
Suit: P=0.298 P=0.236 P=0.447 P=0.273 P=0.995 P=0.738 P=0.001 
Environment: P=0.541 P=0.170 P<0.001 P=0.250 P=0.732 P=0.701 P=0.005 
Speed: P=0.001 P=0.004 P=0.003 P<0.001 P=0.009 P=0.936 P<0.001 
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